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ABSTRACT
Context. In dense clouds, hydrogenation reactions on icy dust grains are key in the formation of molecules, like formaldehyde,
methanol and complex organic molecules (COMs). These species form through the sequential hydrogenation of CO ice. Although
molecular hydrogen (H2) abundances can be four orders of magnitude higher than those of free H-atoms in dense clouds, H2 surface
chemistry has been largely ignored; several laboratory studies show that H2 does not actively participate in “non-energetic” ice
chemistry because of the high activation energies required.
Aims. For the example of CO ice hydrogenation, we experimentally investigated the potential role of H2 molecules on the surface
chemistry when “energetic” processing (i.e., UV photolysis) is involved. We test whether additional hydrogenation pathways become
available upon UV irradiation of a CO:H2 ice mixture and whether this reaction mechanism also applies to other chemical systems.
Methods. Ultra-high vacuum (UHV) experiments were performed at 8−20 K. A pre-deposited solid mixture of CO:H2 was irradiated
with UV-photons. Reflection absorption infrared spectroscopy (RAIRS) was used as an in situ diagnostic tool. Single reaction steps
and possible isotopic effects were studied by comparing results from CO:H2 and CO:D2 ice mixtures.
Results. After UV-irradiation of a CO:H2 ice mixture, two photon-induced products, HCO and H2CO, are unambiguously detected.
The proposed reaction mechanism involves electronically excited CO in the following reaction steps: CO+hν −→ CO∗, CO∗+H2 −→
HCO+H where newly formed H-atoms are then available for further hydrogenation reactions. The HCO formation yields have a
strong temperature dependence for the investigated regime, which is most likely linked to the H2 sticking coefficient. Moreover, the
derived formation cross section reflects a cumulative reaction rate that mainly determined by both the H-atom diffusion rate and initial
concentration of H2 at 8-20 K and that is largely determined by the H2 sticking coefficient. Finally, the astronomical relevance of this
photo-induced reaction channel is discussed.
Key words. astrochemistry - methods: laboratory: solid state - infrared: ISM - ultraviolet: ISM - ISM: molecules – molecular
processes.
1. Introduction
In dense molecular clouds, carbon monoxide starts heav-
ily accreting on H2O-rich ice mantles when densities (i.e.,
nH=2n(H2)+n(H)) increase to ∼104−5 cm−3, and tempera-
tures drop to ∼10 K. This results in a CO-rich ice coating
with a thickness of ∼0.01 µm (Pontoppidan 2006; Boogert
et al. 2015) and is known as the “CO catastrophic freeze-
out stage”. During this stage, the simultaneous accretion of
H-atoms and CO leads primarily to the formation of H2CO
and CH3OH through successive H-atom addition reactions
CO
H−→HCO H−→H2CO H−→CH3O H−→CH3OH as introduced in gas-
grain models by Tielens & Hagen (1982). These hydrogena-
tion reactions have been investigated in a number of system-
atic laboratory experiments (Watanabe & Kouchi 2002; Fuchs
et al. 2009, see reviews by Watanabe & Kouchi 2008; Hama
& Watanabe 2013; Linnartz et al. 2015) as well as astrochem-
ical simulations and theoretical studies (Charnley 1997; Cuppen
et al. 2009; Chang & Herbst 2012). The CO+H channel is also
regarded as a starting point in the formation of various complex
organic molecules (COMs) in dense clouds; recombination of re-
active intermediates —HCO, CH2OH, and CH3O, formed in H-
atom addition and abstraction reactions with each other or with
other reaction products results in the low temperature solid-state
formation of larger COMs, like glycolaldehyde, ethylene glycol,
glycerol, and likely glyceraldehyde (Garrod et al. 2006; Woods
et al. 2012; Butscher et al. 2015, 2016; Fedoseev et al. 2015,
2017; Chuang et al. 2016, 2017). The astronomical gas-phase
detection of a number of COMs in cold dark regions, that is envi-
ronments in which (UV) photo-processing is not dominant, has
been explained in this way (Öberg et al. 2010; Bacmann et al.
2012; Cernicharo et al. 2012; Jiménez-Serra et al. 2016), even
though the mechanism transferring the solid COMs into the gas
phase is still not fully understood (Bertin et al. 2016; Chuang
et al. 2018; Ligterink et al. 2018; Balucani et al. 2015). Key in
all this work is the important role of accreting H-atoms.
Molecular hydrogen, H2, is the most abundant molecule in
the Universe (Wooden et al. 2004). Particularly in molecular
clouds, the gaseous abundance of H2 is about four orders of
magnitude higher than that of CO and H-atoms. Molecular hy-
drogen may freeze out and the direct observation of H2 ice was
claimed by Sandford et al. (1993) in the infrared spectrum of
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WL5 in the ρ Oph molecular cloud, thanks to a small induced
dipole as a result of H2 interacting with surrounding ice species
(Warren et al. 1980). Later on this observation was questioned
(Kristensen et al. 2011). It is, however, widely accepted that H2
is abundantly formed in the solid state through H-H recombina-
tion on silicate or carbonaceous dust grains or amorphous water
ice, through photolysis of hydrogenated amorphous carbon or
water, or H2 abstraction from polycyclic aromatic hydrocarbons
(see reviews by Vidali 2013; Wakelam et al. 2017, and references
therein). Which of these formation mechanisms dominates, de-
pends on the environmental conditions (Wakelam et al. 2017).
H2 is extremely volatile, and its sticking coefficient, which
is defined as the ratio of “adsorbed-species” to “total incident-
species” for a given period of time, is a function of several prop-
erties, for example, binding energy of adsorbed species on a
surface, species coverage, and substrate temperature (Hama &
Watanabe 2013). This coefficient also depends on the incident
energy and angle of impacting species (Matar et al. 2010). Given
the very small binding energy (Eb∼100 K) of H2 accreting on a
preformed H2 ice layer, multilayer “pure” H2 ice is not expected
under dense cloud conditions (Lee 1972). However, in space, ice
mantles formed by condensation on grain surfaces are typically
amorphous, resulting in a distribution of binding energies. In
a three-dimensional off-lattice Monte Carlo simulation, Garrod
(2013) found that the water ice formation on grain surfaces ex-
hibits a highly porous (creviced) structure. Sites with relatively
high binding energies in these pores can be a place where H2
sticks (Buch & Devlin 1994). Laboratory results by Dissly et al.
(1994) showed that H2 can accrete together with other interstel-
lar species, such as H2O, under dense cloud conditions with an
ice ratio (H2:H2O) of ∼0.3. However, a gas phase co-deposition
of H2O and H2 in the interstellar medium (ISM) is unlikely due
to the low density of gaseous H2O for the temperatures at which
H2 starts freezing-out. Moreover, it is well established that H2O
is mainly produced in situ on grain surfaces through the hydro-
genation of oxygen allotropes accreting from the gas phase prior
to gaseous CO condensation (Hiraoka et al. 1998; Dulieu et al.
2010; Miyauchi et al. 2008; Ioppolo et al. 2008, 2010; Oba et al.
2009, 2012; Cuppen et al. 2010; Lamberts et al. 2013). In re-
cent laboratory studies, the reported H2 sticking coefficients in a
sub-monolayer regime on an olivine sample (i.e., a magnesium
iron silicate) showed an unexpectedly high value of ∼0.7 at 10 K
(Acharyya 2014). This hints for the possibility that gaseous H2
could co-deposit with other species on dust grains at low tem-
perature and in particular with CO, forming CO:H2 ice mantles,
during its catastrophic freeze-out stage. In principle, this could
facilitate reactions between CO and H2, however, as ground-state
molecule-molecule reactions typically have a very high activa-
tion energy and are often endothermic, even the four orders of
magnitude higher H2 abundance compared to atomic hydrogen
is not expected to compensate for the high reaction barriers.
At high visual extinctions (AV ), dark clouds are shielded
from external UV radiation by the dust. Only cosmic rays are ex-
pected to penetrate the cloud and react with the abundant gaseous
H2, resulting in the emission of UV photons. The internal cloud
UV-photon flux is (1 − 10)×103 photons cm−2 s−1, which is a
few times lower than the typical H-atom flux in the same regions
(Prasad & Tarafdar 1983; Mennella et al. 2003; Shen et al. 2004).
However, UV-photons have a larger penetration depth in inter-
stellar ice analogues, for instance, 830 ML in H2O and 640 ML
in CO, with 95% absorption for 120-160 nm (Cruz-Diaz et al.
2014). The energy of these UV-photons (mainly located around
160 and at 121.6 nm, i.e., Lyα) is not high enough to directly
dissociate H2 or CO, but is sufficient to radiatively pump CO
(i.e., A1Π←− X1Σ+) into a vibronically excited state, CO∗ (To-
bias et al. 1960). This energy can be transferred from subsurface
layers to eject CO molecules located in the first few top-layers
resulting in a CO photo-desorption event, following a so called
DIET (Desorption Induced by Electronic Transition) mechanism
(Fayolle et al. 2011; Bertin et al. 2013; van Hemert et al. 2015).
Alternatively, this energy can be used to overcome the activa-
tion energy of the involved barriers resulting in the formation of
photo-products, such as CO2 (Gerakines et al. 1996; Gerakines
& Moore 2001; Loeffler et al. 2005).
The present work is motivated by our limited understanding
of the impact of UV-photons interacting with H2-containing ices
under dense cloud conditions. The idea of studying the role of
molecular hydrogen in grain surface chemistry is not new. Pre-
vious work, like Fuchs et al. (2009) excluded the direct role of
H2 in the formation of H2CO and CH3OH. Oba et al. (2012)
proposed a H2O formation mechanism through the reactions be-
tween H2 and OH radical, and found isotope effects when using
D2 instead of H2 (see also Meisner et al. 2017). Recently, Lam-
berts et al. (2014) experimentally studied the reaction between
H2 and O in the ground state to form H2O on grain surfaces,
and this only resulted in a rather low upper limit for H2O forma-
tion for this channel in dense clouds. A similar mechanism was
also studied to explain the HCN formation through the reaction
H2+CN in an H2 matrix experiment (Borget et al. 2017). Here,
we focus on the UV irradiation of a CO:H2 ice mixture studied
for temperatures ranging from 8 to 20 K. The aim is to investi-
gate whether cosmic ray induced UV-photons can trigger surface
reactions between an electronically excited species, for example,
CO in this work, and H2, the two most abundant molecules in
prestellar cores, and how this compares to the regular CO ice
H-atom addition reaction scheme.
2. EXPERIMENTAL
All experiments were performed by using SURFRESIDE2, an
ultra-high vacuum (UHV) setup, which has been described in
detail in Ioppolo et al. (2013). The base pressure of the main
chamber is ∼10−10 mbar, and the H2O contamination from the
residual gas accretion, which is observed by its monomer IR fea-
ture at 1600 cm−1, is estimated to be <3×1010 molecules cm−2
s−1. A gold-plated copper substrate is centered in the chamber
and cooled by a closed-cycle helium cryostat that allows for vari-
ation of the substrate temperature between 8 and 450 K, which is
monitored by two silicon diode thermal sensors with 0.5 K abso-
lute accuracy. Gaseous species, that are H2 (D2) (Linde 5.0) and
CO (Linde 2.0), are separately introduced into the UHV cham-
ber through the Hydrogen Atom-Beam Source line (filament is
off and at room temperature) and a molecule dosing line, respec-
tively. The ice sample is monitored in situ, before and during UV-
photon irradiation by Fourier Transform Reflection-Absorption
InfraRed Spectroscopy (FT-RAIRS) in the range from 700 to
4000 cm−1, with 1 cm−1 resolution. The RAIR band strength
value of CO and possible formation products, like H2CO is
obtained from the laser interference experiments described by
Chuang et al. (2018). The HCO radical band strength value for
RAIRS is calibrated from the averaged transmission value esti-
mated by Bennett et al. (2007) and Gerakines et al. (1996) multi-
plying a conversion factor (i.e., the ratio of “reflection mode” to
“transmission mode” is 4.7 for present IR setting). The conver-
sion factor is based on the assumption that the band strength ratio
of HCO to CO is constant in both transmission and reflection IR
spectroscopy (Öberg et al. 2009). Since the DCO band strength
has not been reported in the literature, it is estimated by multi-
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Fig. 1. IR difference spectra obtained after UV irradiation of pre-deposited (a) CO:H2, (b) CO:D2, and (c) CO ice with a photon-flux of 6×1012
photons cm−2 s−1 over 60 minutes at 8 K.
plying the HCO band strength value with a factor of 1.35. This
conversion factor is obtained under the assumption that the band
strength ratio in C=O stretching mode of DCO to HCO is sim-
ilar to the ratio of D2CO to H2CO (i.e., 1.35) reported in Hi-
daka et al. (2009) . The used IR band strengths in this work are
5.2×10−17, 5.7×10−17, 7.7×10−17, and 8.3×10−17 cm molecule−1
for CO (2142 cm−1), HCO (1859 cm−1), DCO (1798 cm−1), and
H2CO (1737 cm−1), respectively. The deposition rate of CO ice
is 1.7×1013 molecules cm−2 s−1 determined by using a modi-
fied Beer-Lambert law for the IR absorbance at 2142 cm−1. As
H2 (D2) is an IR inactive molecule, the H2 (D2) exposure rate
is obtained by the Langmuir estimation (i.e., 1×106 torr· s=1
L) resulting in a flux through the substrate plane of 7.3×1014
molecules cm−2 s−1. The H2 sticking coefficient (f ) on pure CO
ice is not available from the literature, and is expected to depend
strongly on temperatures in the range of 8−20 K. Moreover, not
all the H2 that gets temporarily stuck will stay on the surface long
enough to get also trapped in the bulk of the ice; the residence
time of H2 on the surface is limited which causes a fraction to
return into the gas phase. Therefore, the estimated concentration
of H2 ice is an upper limit and expected to be less than CO due
to the very small binding energy for multilayer H2 ice. The ice
deposition time is 60 minutes resulting in a very similar column
density of CO in all experiments.
After the simultaneous deposition of a CO:H2 ice mixture,
UV photons generated by a Microwave Discharge Hydrogen
flowing Lamp (MDHL) are guided through a MgF2 window
onto the ice sample at a 90 degrees angle with respect to the
ice layer covering the entire substrate area (2.5×2.5 cm2). The
spectral emission pattern and fluxes have been characterized in
detail in previous work (Ligterink et al. 2015; Fedoseev et al.
2016; Chuang et al. 2017). The used H2 pressure amounts to
∼1 mbar which corresponds to a ratio of “Lyα” to “H2-emission
(∼160 nm)”1.7 and UV-photon flux of ∼6×1012 photons cm−2
s−1 (Ligterink et al. 2015).
3. RESULTS
HCO formation: Figure 1 presents the IR difference spectra ob-
tained after UV-photon irradiation of pre-deposited (a) CO:H2,
(b) CO:D2 and (c) pure CO ice at 8 K with a photon-flux of
6×1012 photons cm−2 s−1 for 60 minutes. The negative peaks
visible at 2142 and 2091 cm−1 are due to CO and its natural
isotope 13CO, respectively, and reflect that their initial ice abun-
dances decrease through photo-desorption and photo-chemistry.
H2 consumption cannot be monitored by using RAIRS; in the in-
frared, frozen H2 can only be made visible through transitions at
4137 and 4144 cm−1 that are the result of a small dipole moment
induced through interactions with CO ice (Warren et al. 1980).
The estimated band strength, however, is extremely small, that
is ∼10−19 cm molecule−1 and about two orders of magnitude
smaller than for CO ice (Sandford & Allamandola 1993). For
the relatively thin ices studied in our experiments, therefore, it is
not possible to monitor H2 directly.
The positive peaks at 1859, 1090, and 2488 cm−1 (the latter
is not shown in Figure 1) in the CO:H2 experiment indicate the
formation of HCO, and originate from its C-O stretching (ν3),
bending (ν2), and C-H stretching (ν1) vibration mode, respec-
tively (Ewing et al. 1960; Milligan & Jacox 1964). The corre-
sponding isotopic product of the formyl radical (DCO) in the
CO:D2 experiment is identified by absorption signals at 1798,
852, and 1938 cm−1 due to its C-O stretching (ν3), bending (ν2),
and C-D stretching (ν1) vibrational modes, respectively (Ew-
ing et al. 1960; Milligan & Jacox 1964). In experiments (b)
and (c), HCO peaks can also be observed. The HCO features
in (b) and (c) are weaker than in (a) and can be explained by
the presence of H2 or H2O as background residual gases in the
UHV chamber. This is confirmed by the fact that the HCO fea-
ture strengths are identical in experiments (b) and (c). Since no
DCO signal is found in experiment (a) we confirm the forma-
tion of HCO(DCO) upon UV irradiation of a CO:H2(CO:D2)
ices. The estimated H2O column density, that is N(H2O), is be-
low ∼0.1×1015 molecules cm−2 in all three experiments and the
ratio of N(H2O)/Ndeposited(CO)<0.002 after CO:H2 ice mixture
preparation. Other photolysis products, like CO2 (2346 cm−1)
and its isotope 13CO2 (2280 cm−1) are also detected in all three
experiments (not shown in Figure 1). Their formation has been
reported in previous UV-photon irradiation studies of pure CO
ice (Gerakines et al. 1995; Gerakines & Moore 2001; Muñoz
Caro et al. 2010; Chen et al. 2014; Paardekooper et al. 2016).
The initial ice thickness of CO is beyond the RAIRS saturation
limit for our experimental conditions, making it difficult to quan-
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Fig. 2. Evolution of the ∆N(CO) depletion over 60 min of UV-photon
irradiation with a photon-flux of 6×1012 photons cm−2 s−1 at 8 K for (a)
CO:H2, (b) CO:D2, and (c) CO ice. The ∆N(CO) has been calibrated by
the initial 13CO ice thickness.
tify the CO column density directly from its IR absorbance sig-
nal at 2142 cm−1. Given the constant CO:13CO ratio (i.e., the
natural abundance of CO:13CO=98.9:1.1), the unsaturated 13CO
feature can also be used to derive the CO abundance. Figure 2
shows the relative intensity changes of the CO abundance dur-
ing 60 minutes of UV-photon irradiation at 8 K for the three
experiments shown in Figure 1, that is ∆N(CO), determined
from the integrated IR absorbance area of 13CO (2091 cm−1).
In all three experiments the CO abundance is clearly decreas-
ing; after 60 minutes of UV photolysis which corresponds to a
UV fluence of 2.2×1016 photons cm−2, the depletion ∆N(CO)
is 1.6×1015, 1.1×1015, and 0.7×1015 molecules cm−2 for (a)
CO:H2, (b) CO:D2, and (c) CO ice, respectively.
The UV-photon irradiation of pure CO ice has been exten-
sively studied; CO ice is mainly found to photo-desorb follow-
ing a DIET mechanism and small amounts of CO2 at the level
of a few percent are formed in the ice (see for an overview
Paardekooper et al. 2016). After calibrating the distance between
the ice sample and MDHL, and assuming that the light acts as
a point source, the absolute depletion rate per second of pure
CO ice is derived as 4.9×1011 molecules cm−2 s−1, compara-
ble to the rate of (3.2±1.7)×1011 molecules cm−2 s−1 reported
in Paardekooper et al. (2016) for very similar MDHL settings.
The derived absolute CO photo-desorption rate is 3.2×10−2
molecules photon−1 by employing the photon flux used in this
work. The experimental CO absolute depletion rates for CO:H2
and CO:D2 ices are ∼2 and ∼1.5 times higher, respectively, indi-
cating that more CO has been consumed than can be explained
by photo-desorption only, namely, this observation is fully con-
sistent with additional CO losses because of involvement in
photo-chemical reactions with H2 (D2) forming HCO (DCO),
as shown in Figure 1.
Temperature dependence: Figure 3 presents the column den-
sity of N(HCO) obtained from the integration of the IR feature
at 1859 cm−1 and normalized to the initial CO abundance, that
is N0(CO), for experiments of CO:H2 ice over 60 minutes UV-
photon irradiation at 8, 10, 12, 14, and 20 K. The HCO pro-
duction grows with increasing UV-photon fluence impinging on
0 2 0 4 0 6 0
0 . 0 E + 0 0 7 . 2 E + 1 5 1 . 4 E + 1 6 2 . 2 E + 1 6
0 . 0 0 0
0 . 0 0 2
0 . 0 0 4
0 . 0 0 6
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Fig. 3. Evolution of the newly formed N(HCO) w.r.t. initially prede-
posited N0(CO) over 60 min of UV-photon irradiation of CO+H2 ice
mixture with a photon-flux of 6×1012 photons cm−2 s−1 at 8, 10, 12,
14, and 20 K, respectively. The dashed lines are the exponentially fitted
results by using equation (1).
the ice mixture, and reaches saturation around 30 − 60 minutes
(except at 8 K), which implies that a balance between HCO for-
mation and destruction processes is eventually reached. The final
HCO abundances after 60 min of UV-photon irradiation show a
strong temperature dependence in the range of 8 − 20 K; at 20
K, the yield of HCO is only ∼10% of the production at 8 K.
Because of the small absorption cross section reported for CO,
that is 4.7×10−18 cm2 (Cruz-Diaz et al. 2014), and as the energy
dissipation lifetime is relatively short (∼15 ns; Chervenak & An-
derson 1971), here, we assume that the electronically excited CO
triggered by impinging UV-photons is the limited reactant. Un-
der the steady-state approximation the ∆N(HCO)/N0(CO) for-
mation yield can be described by the following pseudo-first or-
der kinetic equation (Watanabe et al. 2006; Hidaka et al. 2007):
∆N(HCO)
N0(CO)
= α(1−exp(−N(H2) · k · t)) = α(1−exp(−φ · σ · t)),
(1)
where N(H2) is the column density of hydrogen molecules in
molecules cm−2, k is the rate constant in cm2 molecule−1s−1, α
is the saturation value (unitless), φ is the UV-photon flux in pho-
tons cm−2 s−1, σ is the effective formation cross section in cm2
photon−1, and t is the experimental time in seconds. The rate
constant (k) cannot be derived here due to the IR-inactive H2,
but the formation cross section (σ) is available from experimen-
tal results (Gerakines et al. 1996; Öberg et al. 2009; Oba et al.
2018). The derived fitting parameters are plotted in Figures 4
and 5. In Figure 4, the relative intensity of the saturation value
(α), that is the final yield of HCO (black column) and DCO (red
column), is presented for experiments of CO:H2 and CO:D2, re-
spectively, after 60 min of UV-photon irradiation for tempera-
tures in the range from 8 to 20 K. The unwanted contributions of
HCO (white column) from residual H2 and H2O gas in the UHV
chamber (as shown in Figure 1) can be independently quantified
in the CO:D2 experiments and subtracted from the final HCO
production in the CO:H2 experiments. The derived relative HCO
abundance with respect to the maximum yield, namely, the total
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Fig. 4. Relative intensity of the final yield for N(HCO) (black column)
and N(DCO) (red column), i.e., the saturation value (α), obtained af-
ter CO:H2 and CO:D2 ice UV irradiation for 60 minutes with a flux
of 6×1012 photons cm−2 s−1 at temperatures ranging from 8 to 20 K,
respectively. The white columns are the initial N(HCO) before subtrac-
tion of the extra HCO contribution from the contamination of residual
H2 or H2O in the UHV chamber. The column densities have been cal-
ibrated by the initial CO ice thickness, and further normalized to the
maximum ∆N(HCO) in the CO:H2 experiment at 8 K, i.e., 2.5×1014
molecules cm−2. The orange points are the reported relative intensity of
H2 sticking coefficients on olivine substrate at 8 − 14 K in Acharyya
(2014).
HCO abundance before subtracting the unwanted HCO contribu-
tions, obtained at 8 K is ∼0.74, ∼0.48, ∼0.40, ∼0.29, and ∼0.05
at 8, 10, 12, 14, and 20 K, respectively. The DCO abundance
with respect to the HCO abundance at 8 K is ∼0.12 and ∼0.07
at 8 and 10 K, respectively. At 12 K, the DCO formation ratio,
∼0.01, is only regarded as an upper limit due to low S:N ratio
from the corresponding RAIRS signal.
In Figure 4, the calibrated HCO abundances show a strong
temperature dependence at 8 − 20 K that can be linked to the
relative sticking coefficient of H2 reported in literature, for ex-
ample, Acharyya (2014) on olivine substrate. This is also shown
in the figure. Clearly our results and the data points reported by
Acharyya (2014) are very similar. It should be noted, though,
that the surface in our work, CO ice, is different from the sub-
strate used in Acharyya (2014). As aforementioned, due to the
lack of H2 sticking coefficients on pure CO ice, the value re-
ported for a non-water surface is currently the best option to
compare with our experimental results. It reflects that the HCO
formation abundance is predominantly controlled by the initial
H2 abundance in the pre-deposited CO:H2 ice mixture. The H2
abundance decreases with increasing temperature due to the dra-
matic drop of the sticking coefficient while the CO abundance
(sticking coefficient=unity) remains constant at all experimental
temperatures below 20 K. Up to our knowledge, the D2 sticking
coefficient on any surfaces at temperatures in the range of 8− 20
K is not available from the literature. However, a similar corre-
lation between the initial D2 ice abundance and the final DCO
yield is expected.
The formyl radical formation as result of UV-irradiation
clearly shows an isotope effect in the overall formation yield; the
HCO formation yield for UV irradiated CO:H2 ice is about 6− 7
times higher than the corresponding amount of DCO in CO:D2
ices. This observation is not directly in line with the assumption
of a higher sticking coefficient for D2 compared to H2, namely,
the initial amount of frozen D2 for a specific temperature is ex-
pected to be higher than for H2 due to the higher binding energies
for D2 (Amiaud et al. 2015). The observed difference in the for-
mation yield between the CO:H2 and CO:D2 will be discussed in
the next section. Figure 5 presents the effective formation cross
section (σ), which is derived by the single exponential fit (i.e.,
equation (1)) of HCO and DCO formation kinetics for product
HCO (black squares) and DCO (red dots). The derived cross sec-
tion is the cumulative outcome of multiple reaction channels of
HCO (DCO), and is believed to be mainly controlled by two
reaction parameters, such as diffusion rate and sticking coeffi-
cient (initial ice abundance). Figure 5 shows a temperature de-
pendency of the HCO formation rate in the range of 8 − 20 K,
with a maximum value at ∼12 K. A proportional correlation,
namely, increasing the ice sample temperature results in an in-
creased formation cross section, in the range of 8 − 12 K; at 12
K the effective cross section of HCO is 1.7 times higher than the
value at 8 K. One of the possible interpretations is that this posi-
tive slope can be explained by the diffusion rate that is expected
to be also temperature dependent, namely, the higher the temper-
ature, the higher the diffusion rate of H(D)-atoms is (Fuchs et al.
2009). However, at the same time, the formation cross section is
also dominated by the available H2 (D2) ice abundance (species
concentration in bulk ice) that is controlled by its sticking co-
efficient. At higher temperature, the concentration of H2 (D2)
molecules in the CO ice is lower than that at low temperature.
This results in a decreased effective cross section with increasing
temperature from 2.5×10−16 at 12 K to 1.7×10−16 cm2 photon−1
at 20 K (i.e., 68% less). A detailed temperature dependent study
(e.g., a wider temperature range and a better temperature resolu-
tion) is needed for a more detailed picture. For DCO, as afore-
mentioned, the absolute formation yield above 12 K cannot be
derived from the IR spectrum due to the limited detection sensi-
tivity. With much thicker ice than used in this work, the effective
formation cross section for higher temperature can be measured
and also for CO:D2 ices but this is presently outside the scope
of this work. A similar temperature dependence of the forma-
tion rate due to the different sticking coefficients was reported
in previous laboratory studies of CO hydrogenation in the same
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Fig. 5. Derived effective formation cross section (σ) obtained by fit-
ting the kinetics of N(HCO) and N(DCO) formation over 60 minutes
irradiation of UV-photons with a flux of 6×1012 photons cm−2 s−1 in
experiments CO:H2 and CO:D2 at temperatures in the range from 8 to
20 K, respectively.
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Fig. 6. Left: IR difference spectra of the UV photolysis of pre-deposited
CO:H2 ice with a photon-flux of 6×1012 photons cm−2 s−1 for 240 min
at 8 K. Right: evolution of newly formed N(HCO), N(H2CO) and to-
tal abundance of photo-induced products over 240 min of UV-photon
irradiation.
temperature range of 8 − 20 K (Watanabe et al. 2006).
H2CO formation: Figure 6(a) shows the IR difference spectra
obtained after UV irradiation of pre-deposited CO:H2 for 240
min with a flux of 6×1012 photons cm−2 s−1 at 8 K. As afore-
mentioned, HCO is observed at 1859 cm−1 along with 2488 and
1090 cm−1, and its abundance is relatively stable in the range
from 60 to 240 min. The new IR feature appearing at 1737 cm−1
can be assigned to monomer H2CO (ν2), and becomes much
clearer with longer UV-photon irradiation time (Khoshkhoo &
Nixon 1973; Nelander 1980). In Figure 6(b), the product abun-
dances obtained from the integration of HCO (1859 cm−1) and
H2CO (1737 cm−1) IR signals, respectively, are presented over
240 min. The HCO formation rate starts slowing down after 60
minutes and slightly decreases after passing the maximum col-
umn density of 3×1014 molecules cm−2. The detectable abun-
dance of H2CO builds up after 60 minutes of UV-irradiation
as the fluence amounts to 2.2×1016 photons cm−2, and the fi-
nal abundance ratio of ∆N(H2CO)/∆N(HCO) is ∼0.13 reflect-
ing that H2CO is a second generation product after HCO. The
sum of N(HCO) and N(H2CO) shows a relatively constant value
of 3.6×1014 after 120 minutes suggesting a direct chemical link
between these two products.
4. Discussion
The UV-photon energy applied here is ≤10.2 eV, and cannot di-
rectly dissociate CO or H2 molecules; the required threshold dis-
sociation energies of CO and H2 in the gas phase are 11.09 and
11.20 eV, respectively (Field et al. 1966; Dalgarno & Stephens
1970; Okabe 1978). In the solid state these values can decrease,
but with 0.13 eV decrease for CO the effect is negligible (Lu
et al. 2005). However, CO has a strong absorption cross sec-
tion in the 127 − 157 nm range, coinciding with the wavelength
of the impacting UV-photons. This allows to excite CO into its
first electronic state (A1Π←−X1Σ+), namely, CO∗ with excess
energy ≥7.9 eV (Lu et al. 2005; Mason et al. 2006; Cruz-Diaz
et al. 2014);
CO + hν −→ CO∗. (2)
Subsurface CO∗ can transfer the energy to the top layer
molecules leading to the CO non-thermal desorption at low tem-
perature, as discussed by Fayolle et al. (2011) and van Hemert
et al. (2015), and in the bulk it can further react with neighbor-
ing CO to form CO2 (Bertin et al. 2013; Okabe 1978; Gerakines
et al. 1996; Gerakines & Moore 2001; Loeffler et al. 2005; Chen
et al. 2014);
CO∗ + CO −→ CO2 + C. (3)
Due to a small amount of H2O contamination as shown in our IR
spectrum at 1600 cm−1, another reported CO2 formation channel
through the reaction between CO and OH radical, originating
from H2O photodissociation, cannot be excluded (Watanabe &
Kouchi 2002; Watanabe et al. 2007; Oba et al. 2010; Ioppolo
et al. 2011).
As mentioned, the H2 (D2) molecule cannot be directly dis-
sociated in H-atoms (D-atoms) upon Lyα irradiation, or elec-
tronically excited by an UV-photon (≤10.2 eV), however, an al-
ternative channel may apply that is similar to the CO2 formation
scheme shown in equation (3):
CO∗ + H2 −→ HCO + Hdis. (4)
The lowest potential energy of the first electronic state of
CO is 7.9 eV, and is larger than the reported enthalpy of
CO+H2−→HCO+H in the gas phase, that is ∼3.7 eV (Reilly
et al. 1978). Moreover, ab initio calculations show that the H2
dissociation due to energy transfer from the electronically ex-
cited CO is a barrierless reaction (Sperlein et al. 1987). There-
fore, we expect that the reaction shown in equation (4) proceeds
without activation barrier in the solid state as well. The product
HCO is likely thermally stabilized below 20 K, and preserved in
the ice mixture. The free H-atom (Hdis) that is formed in equation
(4) may react with the newly formed HCO radical in equation (4)
yielding H2CO or CO+H2 through:
Hdis + HCO −→ H2CO (5a)
Hdis + HCO −→ CO + H2. (5b)
There is also a possibility that the Hdis diffuses in the bulk ice
and reacts with CO to form HCO through direct H-atom addition
reactions contributing to the total yield of HCO detected in the
IR spectrum (Watanabe & Kouchi 2002; Fuchs et al. 2009):
Hdis + CO −→ HCO (6)
or meets with other free radicals available in the ice, like HCO
and Hdis forming H2CO (equation 5a), H2+CO (equation 5b) and
H2 through:
Hdis + Hdis −→ H2. (7)
The reaction channels of equations (5), (6), and (7) compete
with each other showing a strong temperature dependence due
to the different diffusion rates; at higher ice temperatures, the
mobile H-atom will diffuse away much quicker from the newly
formed HCO in the bulk ice, and eventually react with CO form-
ing HCO. This may explain the increase of the observed HCO
formation cross section in Figure 5 at temperatures from 8 to 12
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K. Beyond 12 K, the substantial decrease of the effective con-
centration of H2 leads to a lower cumulative formation rate.
For the final yield of HCO, it is important to note that the
HCO formation in equation (4) induced by UV-photons is ex-
pected to proceed without activation barrier, but the hydrogena-
tion of CO in equation (6) was shown before to exhibit a strong
isotope effect due to the quantum tunneling of H(D)-atoms (Hi-
daka et al. 2007). This likely explains the difference in forma-
tion yield between HCO and DCO, and shows that secondary
D(H)-atoms are indeed contributing to the overall abundances.
Therefore, the derived formation cross section of formyl radical
is concluded to be an effective value that is controlled by the re-
action parameters, such as sticking coefficient, diffusion rate for
H2 and D2 molecules, and an isotope effect that gets important
in a secondary reaction step..
The possible formation mechanism of H2CO is through the
reaction HCO+H, of which the H-atom can be directly formed
as shown in equation (4) or be produced by photodissociation of
HCO (Heays et al. 2017);
HCO + hν −→ CO + H. (8)
Alternatively, the interaction between two HCO radicals can re-
sult in their recombination into glyoxal or H2CO and CO forma-
tion through the reaction (Butscher et al. 2017):
HCO + HCO −→ H2CO + CO. (9)
In this work, the observed H2CO formation is found when HCO
abundance passes its maximum yield and starts decreasing (Fig-
ure 6), implying that the HCO is a key precursor to form H2CO
in present study.
We note that the interaction of UV-photons and a metallic
substrate (gold; work function=4.4 eV) may result in photoelec-
trons. These are expected to have a limited penetration depth in
condensed ices, namely, few layers at maximum (Jo & White
1991). To proof this assumption, a control experiment with a
thick layer of Ar ice (∼20 Langmuir) between gold substrate and
CO:H2 ice mixture has been performed. After applying the same
fluence of UV-photon irradiation, the same absolute production
yield of HCO is found; this implies that indeed any additional
contribution from photo induced electrons interacting with the
CO:H2 ice mixture will be negligible.
5. Astrochemical implication
This laboratory work shows that electronically excited ice
species induced by UV-photons can react with H2 molecules
adsorbed (or trapped) in interstellar ices at low temperatures to
form new species. In space, cosmic rays, electrons, and photons
can all interact with the ice mantle resulting in energy transfer.
Such events can lead to a series of different thermal and chemical
processes depending on the energetic input and chemical com-
position of the ice. For instance, previous laboratory studies on
UV-irradiation of CO ice showed that although UV-photons can-
not photodissociate CO molecules, they can electronically ex-
cite CO∗ species that can then cause the non-thermal desorp-
tion of other CO molecules (Fayolle et al. 2011; van Hemert
et al. 2015). This mechanism successfully explains the observed
gaseous abundance of CO at low temperature and also, at least
partially, the photo-excitation chemistry resulting in the forma-
tion of CnOm species in the solid phase, particularly CO2 (Loef-
fler et al. 2005; Gerakines & Moore 2001). It also has been linked
to the location of photo-induced snow lines in proto-planetary
disks (Qi et al. 2015; Öberg et al. 2015).
In dense clouds, the H2 abundance is four orders of magni-
tude higher than that of H-atoms. Therefore, since H2 molecules
are expected to be found in interstellar ices at low temperatures
(Sandford et al. 1993; Buch & Devlin 1994; Dissly et al. 1994), it
is possible that electronically excited species react with molecu-
lar hydrogen getting hydrogenated. The decomposition of H2 in-
duced by the excited species results in a free H-atom that can fur-
ther hydrogenate other molecules forming hydrogen-saturated
species, like CH3OH and COMs. This mechanism may also ap-
ply to other reaction chains. For instance, water and hydrocar-
bons can be formed through reactions of hydrogen molecules
with photo-excited oxygen-atoms (O∗) and carbon-atoms (C∗),
respectively. Both have a strong UV-photon absorption cross sec-
tion in the range of 120 − 160 nm.
It should be noted that the solid state formation of hydrogen-
rich species containing atomic C and O (e.g., H2CO, and
CH3OH) is believed to occur predominantly through H-atom ad-
dition reactions to CO in dense clouds. In the present work we
show for a first time that electronically excited species can react
with frozen H2 under dense cloud conditions, a process that is
limitedly involved in current astrochemical networks. We pro-
pose a general mechanism on the example of CO:H2+hν as this
system is well studied and has a minimum number of competing
side-photochemical products. It offers an additional channel that
holds the potential to form HCO radicals (and larger species) in
interstellar ices, especially at very low temperatures. Since there
is no proof of CH3OH formation in our experiments, this hints
at a lower efficiency of the CO∗+H2 compared to the regular
CO+H hydrogenation chain. As UV light can penetrate deeper
in ices than H-atoms, the mechanism studied here may increase
the abundance of HCO radicals in the deeper layers of the ice,
where CO and H2 (depending on temperature) are preserved and
H-atoms cannot penetrate. Ultimately, this may affect the effi-
ciency with which COMs can be formed in the later stage when
the ice mantle is gently heated by the central protostar. The work
presented here should be considered as a case study, investigat-
ing a new process capable of triggering chemical reactions at low
temperatures in interstellar ices. The process may be more gener-
ally relevant, and applicable to other reaction chains as well. To
which extent such reaction routes contribute to the full chemical
picture, will be topic of future astrochemical modeling studies.
6. Conclusions
Below the main findings of this experimental study are given for
frozen H2 when adsorbed or trapped in interstellar ice analogues
upon UV irradiation:
1. UV-photons generated by cosmic rays in dense clouds may
increase HCO (H2CO and possibly larger COMs) abun-
dances by triggering a solid-state reaction involving electron-
ically excited CO∗ and H2. The HCO formation is explained
by two consecutive reaction steps CO∗+H2−→HCO+Hdis
and CO+Hdis−→HCO.
2. The derived effective formation cross section shows a tem-
perature dependence that is determined by the cumulative ef-
fect of the H-atom diffusion rate and initial H2 concentration
in the bulk ice that is determined by the sticking coefficient.
For the investigated laboratory settings, we find a maximum
at 12 K of 2.5×10−16 cm2 photon−1.
3. The surface temperature between 8 and 20 K determines the
photolysis product yield and this is due to the temperature
dependent sticking efficiency of H2.
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4. The mechanism that involves reactions between electroni-
cally excited species and H2 molecules on icy grains may be
of more general importance in ISM chemistry. It will take
more detailed astrochemical modeling to put this pathway
into perspective and to check to which extent this contributes
to the formation of H2CO and eventual COMs in space.
Based on the experiments performed here, the mechanism
is found to contribute, but very likely at a level that is
(substantially) lower than regular CO hydrogenation upon
impacting H-atoms.
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